The evaluation of the Yucca Mountain site has evolved from intensive surfacebased investigations in the early 1980s to current focus on testing in underground drifts. 
balance calculations from precipitation, evapotranspiration, run-on, and run-off along washes are used to derive the net infiltration flux distribution over the ridge top, side slopes, and stream channels. Areas with exposed bedrock and no soil cover have a higher infiltration flux compared to areas with soil covers that have substantial storage capacity for excess water.
Deep Borehole Measurements
Surface-based borehole measurements in the early 1980s included the instrumentation of UZ-1 in the Drill Hole Wash (Montazer, 1987) and pneumatic monitoring in UZ-6 and UZ-6a on the crest near the Solitario Canyon cliff (Weeks, 1987) .
Eight deep boreholes were instrumented in the 1990s for extensive testing and monitoring of barometric pressure, moisture potential, and temperature in sealed borehole intervals (Rousseau et al., 1999) . The pneumatic data (damping and lag of barometric signals) were used to derive effective parameters for the PTn and TSw units and properties of the Ghost Dance fault and other faults (Ahlers et al., 1999) . Air permeability was measured along four surface-based boreholes with straddle packers (LeCain, 1997) .
Percolation Estimates
Redistribution of percolation and determination of the fracture flow component the assumption of matrix-dominated flow calibrated by saturation profile data alone.
Subsequent investigations have shown that the welded tuff matrix has low permeability and therefore the matrix flow is a small fraction of percolation flux in the TCw and TSw (Wu et al., 1999; Bodvarsson et al., 2000, Sections 3.6 and 3.7) .
Currently, the estimate of percolation flux ranges from 1 to 10 mm/yr. These values result from the inclusion of temperature, age-dating, and geochemical data together with pneumatic and hydrological data. The additional field data that indicate higher values of percolation flux include the prevailing low geothermal gradient associated with convective heat transfer, the relatively young water found at depth, and the low concentration of dissolved salts in pore water and in perched-water bodies. For the present-day climate, the majority of percolation flux at the potential repository level in TSw is fracture flow (~84%, Bodvarsson et al., 2000, Section 3.7) . An active fracture model (Liu et al., 1998) has been used for the fracture-matrix interaction. Over the site, a significant fraction of the flow is diverted by tilted layers (mainly through nonwelded units) to the faults (from ~ 4% at the surface, to ~15% below the PTn in TSw, and to 3 5% below the CHn at the water table, Bodvarsson et al., 2000, Section 3.7).
Evolution of Drift-Scale Seepage and Fracture-Matrix Tests in Welded Tuff
A fraction of the percolation flux may enter the potential waste emplacement drifts. To quantify seepage into drifts, fracture-matrix interactions, and matrix diffusion, tests have been conducted at several welded tuff sites in the ESF. Air-injection tests with multiple packers have been conducted from 1996 to present at all hydrological test sites in the ESF to measure air permeability and to characterize formation heterogeneity. With fast responses and a benign impact on the rock mass, airinjection tests are an effective method for site characterization (Cook, 2000) . Airpermeability profiles were used for selecting liquid test intervals. Repeated air-injection tests were conducted before and after niche excavation to quantify the excavation-induced permeability changes (Wang and Elsworth, 1999) .
Characterization of Fracture Heterogeneity at Test Sites

Observation of Liquid Flow Paths
In the dry excavation of Niche 3566 in the vicinity of the Sundance fault, a damp feature was observed in 1997, as illustrated in Figure 4 that flow within fractures was influenced strongly by gravity and weakly by capillary forces (Wang et al., 1999) . In observations at Cross Drift Niche 1620 in the lower lithophysal zone of TSw, some symmetric patterns were observed around release borehole intervals, as illustrated in Figure 5 , indicating that the effective capillarity is stronger than the corresponding strength in the middle nonlithophysal zone. However, the average airpermeability in the lower lithophysal site is higher than values in the middle nonlithophysal sites. In lithophysal tuff, the cavities are likely connected by large fractures to contribute to the large permeability, while small fractures are likely to contribute to the strong capillarity observed.
Rationale for Evaluation of Seepage
No continuous dripping (or seepage) was observed during ESF excavation. The capillary barrier mechanism (Philip et al., 1989) may explain the lack of seepage in UZ underground drifts. Under unsaturated conditions, capillary forces can hold water within the rock mass.
Ventilation, needed for underground operations and construction activities, may also explain the lack of observed seepage. Ventilation can remove a large amount of moisture, dry the rock behind the drift walls, and suppress seepage.
Passive Seepage Monitoring
To determine if seepage returns if there is no ventilation, two drift-sealing studies are now ongoing. The first study is at Alcove 7 in an over 100 m long segment intersecting the Ghost Dance fault. The second study is in the last one-third of the Cross Drift, a 1,000 m scale segment that intersects the Solitario Canyon fault. Both sealing studies deploy multiple bulkheads for better isolation from ventilation. Heat-dissipation probes and psychrometers in boreholes are currently used to monitor water potential along the drifts and in the rock. Relative humidity sensors monitor the effects of ventilation on moisture conditions, while neutron logging is used to measure saturation changes associated with drying. Available data indicate that the ventilation-induced effects may have penetrated the rock greater than 3 m and the rewetting processes in the rock matrix may take several years behind bulkheads. The fractures may rewet over shorter time frame if percolation above the dry zone is sufficiently high to supply water, penetrate the dry zone, and reach the drift wall.
Niche Seepage Tests
Seepage tests, from 1998 to the present, involve the release of liquid water above the niche ceiling and the collection of seeps into the niche if they occur. Niche seepage tests have been designed to evaluate the capillary-barrier mechanism and to quantify seepage and seepage threshold. Aqueous dye tracers were released as pulses above the niche ceiling to represent episodic percolation events, as illustrated in Figure 6 for seepage threshold data and the wetting-front movement data are used to derive fracture characteristic curves for in-situ conditions.
The first series of seepage tests at Niche 3650 in 1997 and 1998 were conducted by releasing finite amounts of water (on the order of liters) to confirm the presence of a capillary barrier and the seepage threshold concept (Wang et al., 1999, Trautz and Wang, 2001 ). To address the need of near steady-state data for better quantification of seepage rate, later tests were conducted with steady rate of release over long durations for each test (nominally requiring hundreds of liters).
The concept of constructing niches along the ESF Main Drift was originally motivated in 1997 by the need to isolate a drift-size opening with a bulkhead from the ventilation in the Main Drift. To minimize the effects of ventilation in suppressing seepage, drift seepage tests at Niche 3107, at Niche 4788 in the intensely fractured zone, and at Cross Drift Niche 1620 in the lower lithophysal zone of TSw were conducted behind bulkheads and under high humidity conditions. The effects of ventilation on seepage and spatial heterogeneity on pneumatic and seepage characteristics are also being evaluated systematically (at regularly spaced intervals) along the Cross Drift, using slanted boreholes drilled into the drift ceiling.
Seepage modeling results (based on parameters calibrated against available seepage test data) to date indicate that the seepage threshold is on the order of 200 mm/yr or more for the middle nonlithophysal zone of TSw. For the lower lithophysal zone, the seepage threshold could be one order of magnitude higher (Li and Tsang, 2000, Figure 5 and Tables 5 through 8; Finsterle et 
Large-Scale Infiltration and Seepage Tests at Alcove 1
To simulate large infiltration events associated with El Niño conditions of high precipitation and to evaluate matrix effects over long flow paths, a large-scale infiltration 
Large-Scale Matrix Diffusion Test between Alcove 8 and Niche 3107
The testing approach and control have been improved and applied to another underground location in the TSw. This is the unique location where the Cross Drift 
Evolution of Flow and Transport in Nonwelded Tuff
While fracture flow is the dominant percolation component in welded tuff, matrix flow is much more important in nonwelded tuff, both in PTn above, and in CHn below the potential repository horizon. Two tests have been conducted in these tuff units.
Paintbrush Tuff Fault Test in Alcove 4
Figure 9 illustrates that the Alcove 4 test bed in the PTn within the ESF includes a small fault and PTn layers. In contrast to TSw, the PTn has a large capacity to absorb water and to dampen flow pulses along the fault. The water intake rate declined with time.
One hypothesis to explain the slow decline is the possible swelling of a PTn argillic layer and subsequent reduction of fault permeability (Salve and Oldenburg, 2001 ). An alternative analysis with nonlinear dynamics suggests that entrapped air may contribute to the flow rate variations (Faybishenko et al., this issue). These findings help determine the behavior of flow through the PTn. 
Calico Hills Transport Tests at Busted Butte
Evolution of Thermal Testing
Water in the matrix can be mobilized by heating. If boiling occurs, the vapor can migrate from the tuff matrix to fractures and transport to cooler regions distant from the heat source. Since nuclear waste releases heat due to radioactive decay, heater tests are important for potential repository studies. In late 1980s and early 1990s, the possibility of using a high heat load to keep liquid away from waste packages was extensively modeled (Buscheck and Nitao, 1993) . In more recent years, the ventilation is being considered as an important component to remove heat during the thermal periods. Two underground thermal tests have been conducted to evaluate coupled processes in the rock around a single heater and around a full-scale drift. The tests are located at Alcove 5 at the north end of the ESF Main Drift, near the top of the middle nonlithophysal zone of the TSw unit.
Single Heater Test
The Single Heater Test (SHT) was conducted over 9 months in 1996-1997 to evaluate the thermal-hydrological-chemical-mechanical (THCM) coupled processes in fractured tuff, as illustrated in Figure 11 . Drainage of condensate to the region below the Measurements showed that the dry-out zone extended about 1 m from the heater hole and that the condensate zone below the heater horizon was larger than that above the heater.
The condensation induced saturation changes were confirmed by cores collected from drill-back after the heating phase. The dominant heat transfer mechanism process is by conduction, from comparison of temperature data and TH model results (Tsang and Birkholzer, 1999) .
Drift Scale Test
The Drift Scale Test (DST), now in its fifth year, is the largest test in the ESF. The testing methodologies developed in SHT were applied, improved, and expanded in the DST. Nine full-scale heaters are used to simulate waste packages emplaced in a drift. and to predict changes in porosity arising from thermally induced precipitation. The projected long-term change in porosity due to heating is small.
Current Focus and Examples of Potential Tests Evolved from Available Results
Lessons learned from evaluations of underground test results can be used to improve understanding, identify gaps, and provide insights to UZ processes. The current focus of the testing program is on seepage in the lower lithophysal and lower nonlithophysal zones of the TSw, on matrix diffusion and seepage in the drift to drift tests, on potential observation of natural seepage in high percolation areas (behind bulkheads along the Cross Drift or in a crest alcove), and on validation of the active fracture model (Liu et al., 1998) 
